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Absence of the Transition into Abrikosov Vortex State of Two-Dimensional Type-II
Superconductor with Weak Pinning.
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The resistive properties of thin amorphous NbOx films above and below Hc2 were investigated
experimentally. It was shown that near Hc2 the excess conductivity dependencies agree with the
predictions of the paraconductivity theory. The current-voltage characteristics in a perpendicular
magnetic field remain Ohmic down to very low magnetic field. This is interpreted as the absence
of the transition into Abrikosov vortex state of two-dimensional type-II superconductor with weak
pinning.
PACS numbers: 74.60.Ge
Before the discovery of high-Tc superconductors
(HTSC’s) the point of view prevailed that between the
first, Hc1, and the second, Hc2, critical fields type II su-
perconductors can be only in the vortex-lattice state, first
described by Abrikosov [1]. The unusual properties of
HTSC’s in a magnetic field have stimulated considerable
interest to fluctuation effects in type-II superconductors.
In addition to the vortex-lattice the existence of other
states (vortex glass, vortex fluid) is assumed in many
works [2,3]. In the majority of papers the influence of
fluctuation on mixed state properties of HTSC’s was in-
vestigated. But a HTSC is unconvenient object for ini-
tial investigation of this phenomenon. The HTSC’s have
some peculiarities that are not quite understood. Be-
sides, all known HTSC samples have a strong vortex pin-
ning. In most of the works the fluctuation influence on
properties connected with pinning is investigated. But
until now the pinning effect is not described quantita-
tively for a real case. A limited number of theories of
weak pinning [4] can be compared with experimental
data only qualitatively. For this reason numerous ex-
perimental confirmations of fluctuation theories of the
HTSC mixed state are not looked reliable. The experi-
mental data have alternative explanations almost in all
cases.
Therefore we think that investigation of fluctuation
effects in conventional, low-Tc type-II superconductors
(LTSC’s) with weak pinning is very actual. The investi-
gation of this objects can help to verify the fluctuation
theories of mixed state. The point of view is widespread
that in LTSC the fluctuation effects are small [2]. But
this opinion is not correct for the high magnetic field re-
gion. Calculation [5] and investigation [6] have shown
that fluctuation effects in the mixed state of conven-
tional ”dirty” type-II superconductors are great, no more
smaller than in HTSC.
The thermodynamic average order parameter is dis-
tributed inhomogeneously in a superconductor which is
in the Abrikosov state. Therefore properties of type-II
superconductors in the mixed state may be separated
on two type. It is obvious that the magnetization and
the specific heat are connected with the spatial average
of the order parameter, whereas the vortex pinning is
connected with inhomogeneous distribution of the order
parameter in the space. It was shown in [7,8] that the
fluctuation essentially alters the spatial average value of
order parameter inside the critical region only. The ex-
perimental dependencies of the specific heat [9] and the
magnetization [10] in theHc2 critical region are described
by the fluctuation theory of D-2 dimensional supercon-
ductors. The dependencies for bulk superconductor are
described by the theory of one-dimensional superconduc-
tor. The resistive transition in parallel magnetic field of
bulk superconductors is also described by the theory of
one-dimensional superconductor [5].
Therefore the fluctuation influence on the order pa-
rameter distribution is the most interesting problem now.
There are two different theoretical approach to this prob-
lem. In most works (see for example [2]) the fluctuations
are considered as a oscillation of the Abrikosov vortex
lattice. The concept of ”vortex lattice melting” has ap-
peared in this approach. In other works (see for example
[7,11,8]) a revision of the Abrikosov solution is made.
Experimental investigation of this problem is connected
with investigation of vortex pinning because the pinning
appearance is connected with appearance of the inhomo-
geneous distribution of the order parameter.
It is well known that the vortex pinning causes the
non-Ohmic current-voltage characteristics in perpendic-
ular magnetic field. According to the classical work [12],
the linear part of the current-voltage characteristic at a
large current can be described as V = Rf (I − Ic). Rf
is the flux flow resistivity. Ic is the dynamic critical cur-
rent determined by pinning. The experimental investi-
gations show that the current-voltage characteristics be-
come non-Ohmic (Ic become nonzero) below Hc2 both in
bulk superconductors [6,10,5,13] and in thin films [14].
In Refs. [13,14] this qualitative change is interpreted as a
vortex lattice melting whereas in [15,5] it is interpreted
as a transition from the normal state into the Abrikosov
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vortex state. But the vortex liquid does not represent
a new genuine thermodynamic phase different from the
normal state [3]. Therefore these two interpretation co-
incide.
The position and the width of this transition in bulk
superconductor differ from those in thin film. In bulk
conventional superconductors the current-voltage charac-
teristics become non-Ohmic at some percent below Hc2
only [6,10] whereas in thin films the position of this tran-
sition (”melting”) depends on the film thickness [14] and
may be below 0.5Hc2 [14]. This difference agrees with
the difference of influence of fluctuation on three- and
two-dimensional superconductors with real size which is
predicted by theory [16–18].
It was shown in [15] that in bulk superconductor with
weak pinning the width of the transition connected with
pinning appearance (”melting” transition) is very small,
much smaller than the width of the specific heat tran-
sition [9], the magnetization transition [10] and resistive
transition in parallel magnetic field [5], which are con-
nected with the change of the spatial average value of
the order parameter. Therefore in [11] the transition
connected with the appearance of non-Ohmic current-
voltage characteristics (with pinning appearance) was
called a narrow transition, whereas the transition con-
nected with the change of the spatial average value of the
order parameter was called wide transition. The intrinsic
width of the narrow transition has not been determined.
It was determined only in [15] that the narrow transition
of the most homogeneous sample is more than 10 times
narrower than intrinsic wide transition. It was shown in
[6] also that not only does the pinning appear (the Ic
value becomes non-zero) but also the flux flow resistivity
Rf decreases sharply at the narrow transition of bulk su-
perconductors (see [5] also). The resistivity dependencies
of thin films do not have sharp feature and are smooth
at the pinning appearance (at ”melting”) [14].
In the present work we investigated thin films. Thin
films were studied before in some works [14,19]. But
our investigations have shown that the position of the
”melting” transition is not universal for different films
and depends on a amount of pinning centers in them.
Therefore we wanted to produce films with a smallest
amount of pinning centers. The results of the investiga-
tion of these films are presented here. Following [14] and
[15] we will determine the transition (melting [14] or tran-
sition into Abrikosov state [15]) position as the point at
which the current-voltage characteristics in a perpendic-
ular magnetic field change qualitatively (become Ohmic
on increasing of magnetic field and become non-ohmic
on decreasing one). It is obvious that this change of
current-voltage characteristics is caused by the pinning
appearance (disappearance). Therefore we will connect
this transition with the pinning (Ic) appearance (disap-
pearance) also.
The Nb, NbN, PbBi, Sn, NbOx films produced by
magnetron sputtering, pulse laser deposition and electron
beam evaporation were examined. All films, except some
amorphous NbOx film, did not have enough small vortex
pinning and therefore are not suitable for our purpose.
For this reason we mainly studied the NbOx films.
The NbOx films were produced by magnetron sputter-
ing of Nb in an atmosphere of argon and oxygen. The
critical temperature Tc of films used is equal to 2.37 K
and dHc2/dT = −22 kOe/K. The film thickness d = 20
nm. The normal resistivity ρn = 99Ω/✷. The tem-
perature dependence of normal resistivity is very weak.
1/ρn |dρn/dT | < 0.0002 in the region 20-40 K, where
superconducting fluctuation is small. The resistivity in-
creases with decreasing temperature. This change can
be connected with weak localization. A magnetic field
up to 50 kOe produced by a superconducting solenoid
was measured with relative error 0.0005. The resistiv-
ity was measured in perpendicular magnetic field, with
a relative error 0.0001. The 0.01 error in the measure-
ment of the specific resistivity was due to the inaccurate
determination of the geometric dimensions of the film
structure. The temperature was measured with a rela-
tive error 0.001.
FIG. 1. Resistive transitions of amorphous NbOx film in
different perpendicular magnetic fields. The film thickness
d = 20 nm.
The measurement shown that the resistive transition of
NbOx films broadens in a magnetic film as well as of the
HTSC resistive transition (Fig.1). The paraconductivity
∆σ = σ − σn dependencies above Hc2 in the linear ap-
proximation region are well described by Ami-Maki the-
ory [20] adapted to a two-dimensional superconductors
(Fig.2). The Maki-Thompson contributions are partly
suppressed. The normal conductivity value σn was de-
termined from extrapolation of its high temperature de-
pendence and it is not fit parameter. Therefore the sin-
gle fit parameter is a Hc2 value. The temperature depen-
dence of the fitHc2 values agree with Maki theoretical de-
pendence [21]. Consequently we have one fit parameter,
Hc2(T=0), for all paraconductivity dependencies. The
discrepancy between experimental and Ami-Maki depen-
dencies near Tc2 is connected with invalidity of the lin-
ear approximation in the critical region. The calculation
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of the fluctuation interaction in Hartree approximation
removes this discrepancy (Fig.2). For this calculation
the Ginsburg number, D = 2pikBTc/H
2
c (0)dξ
2(0), was
used as fit parameter. The only parameter, which was
not determined irrespective, is a thermodynamic criti-
cal field Hc(0) = −Tc(dHc/dT )T=Tc . The fit value of
−(dHc/dT )T=Tc = 300 Oe/K. It is not far from this value
for pure Nb, which is equal 472 Oe/K.
FIG. 2. Paraconductivity ∆σ/σ0 dependencies on T/Tc2−1
for NbOx film with d = 20 nm in perpendicular magnetic
field 12 kOe. The theoretical dependencies for the Asla-
masov-Larkin contribution (AL), for the sum of the Asla-
masov-Larkin and Maki-Thompson contributions (AL+MT)
(linear approximation) and for the Hartree approximation are
shown. σ0 = e
2/h¯. The Ginsburg number D = 0.003.
The paraconductivity investigations show that the
amorphous NbOx films studied are conventional homoge-
neous two-dimensional type-II superconductor. But the
narrow transition, which was observed near Hc2 in bulk
type-II superconductors [5,15], or the ”melting” transi-
tion, which was observed in films [14,19], are not ob-
served in these films. The current-voltage characteristics
remain Ohmic down to very low magnetic field (Fig.3).
The resistivity value decreases gradually with decreasing
magnetic field value (Fig.3). At low magnetic field it is
close to a flux flow resistivity value (Fig.3) [22]. The re-
sistivity of a 10 µm width strip at T = 1.6 K is equal
zero up to current value of 10 mA in zero magnetic field
and is not equal to zero already at current value 1 nA in
a low magnetic field 100 Oe.
The absence of a nondissipative current, Ic = 0, and
a resistivity value which is close to a flux flow resistivity
value, Rf/Rn = 0.25H/Hc2, in a low magnetic field are
obviously connected with the absence of vortex pinning.
It should be noted that the absence of nondissipative
current can be connected not only with the absence of
pinning but also with flux creep, particularly vortex lat-
tice moving and so on. But in these cases the resistivity
value differs from the flux flow resistivity value. This sit-
uation was observed earlier in [23] where the resistivity
is more than 3 orders of magnitude less than flux flow re-
sistivity, and in other works. Therefore we may say that
the pinning absence down to a magnetic field much lower
than Hc2 is observed first in our work.
As was written above, in thin films the pinning dis-
appears (”melting” transition occurs) not near Hc2 (as
takes place in bulk superconductors [6,10]) but markedly
below Hc2 (at H = 0.3Hc2 for the film thickness 18 nm
and T/Tc = 0.67 [14]). Our investigations show that
there are films in which the pinning does not appear down
to H much lower than H at which the ”melting” transition
was observed in [14] (down to H = 0.1kOe = 0.006Hc2
for film thickness 20 nm and T/Tc = 0.67, see the inser-
tion on Fig.3). This means that the ”melting” transition
in our films can occure below 0.006Hc2 (at T/Tc = 0.67)
only. Consequently the position of the pinning appear-
ance (disappearance) is not universal for different films.
Therefore the theory of vortex lattice melting, used in
[14,19], is not valid there. The ”melting” position de-
pends on a amount of pinning centers. The possible in-
fluence of pinning centers on the fluctuation value was
mentioned in [17].
FIG. 3. The magnetic dependence of the resistivity of
NbOx film structure with sizes: d = 20 nm, width = 10 µm
and length = 2250 mm. In the inset the current-voltage curves
in the zero magnetic field and in the different magnetic fields
are shown. T = 1.6K. Hc2 = 16.5 kOe.
In the papers [14] the resistivity dependencies above
”melting” are compared with flux flow resistivity depen-
dencies obtained in the mean field approximation. It can
not be right because the fluctuation is big there. It was
shown in [15,24,5] that the resistivity dependencies of
bulk superconductors above ”melting” are described by
the paraconductivity theory both above and below Hc2.
Fig.4 demonstrates that the experimental dependencies
of two-dimensional superconductors can also be described
by paraconductivity theory both above and below Hc2.
The experimental dependence of [1 + (∆σ/σn)
√
h/t]−1
is a universal function of (t − tc2)/
√
ht (Fig.4), where
t = T/Tc; tc2 = Tc2/Tc; h = H/Hc2(T = 0); Tc2 is sec-
ond critical temperature. This scaling low follows from
the fluctuation theory [8]. The universal experimental
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dependence is close to the theoretical paraconductivity
dependence obtained in Hartree approximation (Fig.4).
Thus the experimental dependencies are described by
the same paraconductivity dependence both above and
below Hc2. This confirms the opinion [11,18,8] that the
second critical field line Hc2(T ) marks only a crossover
from the normal state to a strongly fluctuating supercon-
ducting state with no real phase transition [3]. As was
written above, the real phase transition in the Abrikosov
vortex lattice state (melting transition) is connected now
with qualitative changes of the resistive properties in
a perpendicular magnetic field [15,14,19,13,5]. There-
fore the absence of the qualitative changes of the re-
sistive properties (the current-voltage characteristics re-
main Ohmic, V = RfI, down to 0.006Hc2, see the inset in
Fig.3) may be interpreted as the absence of the transition
into the Abrikosov vortex lattice state of two-dimensional
superconductors with small amount of pinning centers
down to magnetic field hundreds times smaller than the
second critical field.
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FIG. 4. The Rfl = [1 + (∆σ/σN
√
ht)]−1 versus
τ = (t − tc2)/
√
ht dependencies in different magnetic fields.
The line denotes the theoretical dependencies of paraconduc-
tivity obtained by the calculation of the fluctuation interac-
tion in the Hartree approximation.
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